Disentangling the relative importance of deterministic and stochastic processes in shaping 26 natural communities is central to ecology. Studies on community assembly over broad 27 temporal and spatial scales in aquatic microorganisms are scarce. Here, we used 16S rDNA 28 sequence data from lake sediments to test for community assembly patterns in 29 cyanobacterial phylogenies across ten European peri-Alpine lakes and over a century of 30 eutrophication and climate warming. We studied phylogenetic similarity in cyanobacterial 31 assemblages over spatial and temporal distance, and environmental gradients, comparing 32 detected patterns with theoretical expectations from deterministic and stochastic processes. 33
We found limited evidence for deviation of lake communities from a random assembly model 34 and no significant effects of geographic distance on phylogenetic similarity, suggesting no 35 dispersal limitation and high levels of stochastic assembly. We did not detect a significant 36 effect of phosphorus and nitrogen levels on deviation of community phylogenies from 37 random. We found however a significant decay of phylogenetic similarity for non-random 38 communities over a gradient of air temperature and water column stability. We show how 39 phylogenetic data from sedimentary archives can improve our understanding of microbial 40 community assembly processes, and support previous evidence that climate warming has 41
Introduction

44
Understanding the mechanisms that determine changes in the structure and composition of 45 natural communities over large spatial and temporal scales is critical, given the impacts that 46 human activities have on biodiversity and ecosystem functions 1 . The relative importance of 47 stochastic and deterministic processes driving community assembly might vary over space 48 and time: dispersal, demography, ecological interactions and evolutionary processes can all 49 influence the structure of natural communities across scales [2] [3] [4] [5] [6] [7] . It is an on-going challenge to 50 understand how anthropogenic environmental changes influence ecological and evolutionary 51 mechanisms determining community assembly, particularly in aquatic microbes whose 52 dispersal appears to have no boundaries 8, 9 . 53
Assembly studies focusing on ecological mechanisms in lake cyanobacterial communities 54 have been scarce due to a lack of data at the appropriated spatial and temporal scale, 55 despite the importance that these organisms have reached over the past decades for 56 freshwater ecosystem functioning and services 10 . Over the last century, the frequency and 57 severity of cyanobacteria-dominated communities have increased in lakes and reservoirs 58 worldwide despite remediation measures applied at the regional and international scale 11, 12 . 59
Cyanobacterial blooms are often dominated by toxic species, and there is a global concern 60 that environmental changes are promoting the geographic expansion of some potentially 61 harmful taxa 13, 14 , due to a combined effect of increasing temperature and nutrient loads 62 11, 15, 16 . Toxic species such as Dolichospermum lemmermannii and Planktothrix rubescens 63 have indeed widened their geographic distribution, supporting the idea that some harmful 64 cyanobacteria are spreading across temperate lakes 16 . The role of geographic dispersal 65 (where distance limits the establishment of new taxa) relative to turnover of taxa driven by 66 environmental gradients has not been explicitly explored in the assembly of these globally 67 important microorganisms. 68
In this study, we analysed cyanobacterial community composition data spanning over a 69 hundred years and across ten lakes. We used 16S rDNA sequences from sediment cores of 70 European peri-Alpine lakes (Fig. S1 ) that underwent directional environmental change 71 characterised by climate warming and eutrophication 16 . Our previous work has explored the 72 patterns of long term change in alpha and beta diversity in lake cyanobacterial communities, 73
showing a homogenization of assemblage composition at the regional scale 16 . The aim of 74 this study was to test for emergent deterministic (environment-driven) and stochastic 75 (dispersal-driven) patterns in the phylogenetic structure of cyanobacterial assemblages 76 across these different lakes of the same region 2, 17 . 77
We used a null-model that accounted for temporal changes in the size of the species pool to 78 simulate random assembly. We then tested for deviation from random patterns as 79 phylogenetic clustering and overdispersion: the tendency for taxa to co-occur with larger or 80 smaller expectancy, respectively, than predicted by the null-model (Fig. 1A ) [18] [19] [20] [21] [22] . In most 81 cases, dispersal-driven assembly would generate random taxa co-occurrence patterns, while 82 environmental drivers would lead to deviation from random assembly 19, 21, 23, 24 . There can be 83 interactions among assembly mechanisms that generate exceptions to these predictions 25, 26 . 84
We however expect that comparison of phylogenetic structures to null-model simulations, 85 combined with the patterns of community phylogenetic similarity across lakes and spatial or 86 ecological distance, will allow us testing for deterministic and stochastic signatures in 87 cyanobacterial community assembly. 88
Specifically, when dispersal of cyanobacterial taxa among lakes is not limited (Fig. 1B) , we 89 expect that phylogenetic community similarity will decrease over an environmental gradient, 90 while no change is expected when the system is driven only by dispersal (Fig. 1C) 
. If there 91
are barriers to dispersal of cyanobacteria, we predict differences in similarities among lake 92 communities that are only dependent on the geographic distance (Fig. 1B) , and no effects 93 driven by ecological gradients (Fig. 1C) 
2
. The environmental-driven decrease in phylogenetic 94 community similarity will not be influenced by dispersal limitation (Fig. 1B) , and will vary 95 deterministically as a consequence of the gradient itself (Fig. 1C) 
. This is because we 96 expect that, under environment-driven assembly, the turnover of taxa along the ecologicalgradient will determine community structure in each lake. Here, we investigated whether 98 cyanobacterial community phylogenetic structures within and across lakes over time 99 matched these expectations from assembly processes, and what patterns dominate. 100
Results
101
Community phylogenetic structure. We calculated a standardised effect sizes (SES) of 102 Table  113 S2 of the Supplementary Materials. 114
Distance-decay relationships. We estimated the phylogenetic similarity (beta-diversity) 115 across all pairs of communities reconstructed from the sedimentary archives of the ten lakes 116 at each time-period and investigated the role of geographical and temporal distance (Fig. 3) . 117
Our analysis did not reveal an increase in phylogenetic beta-diversity with geographic 118 distance ( Fig. 3A) , suggesting no dispersal limitation of cyanobacteria at the regional (peri-119 Alpine) scale. On the contrary, we observed for all lakes a clear decay of phylogenetic 120 similarity along the temporal gradient representing the history of each lake (Fig. 3B) , with the 121 exception of lakes Geneva and Annecy (the latter due to insufficient data points) (Fig. S2) .
Community similarity over environmental gradients. All non-random samples identified in 123 and physical (air temperature and water column stability) drivers in explaining cyanobacterial 125 community deviation from a random assembly. We found no evidence for a role of nutrients 126 (TP and NO 3 --N) in explaining non-random community structure (Fig. 4) . On the other hand, 127
OLS regression showed a significant decrease in community similarity along with both air 128 temperature (p = 0.0003, adjusted R 2 = 0.057) and SSI gradients (p = 0.019, adjusted R 2 = 129 0.058) (Fig. 4) . This suggests that communities in lakes characterized by similar physical 130 characteristics related to lake water temperature are more similar in cyanobacterial 131 community composition compared to lakes that display greater differences in temperature 132 and stratification. 133
Discussion
134
Most of the cyanobacterial communities obtained in this study from sedimentary archives did 135 not show significant deviation from a random phylogenetic structure, suggesting a strong 136 signal of stochastic (dispersal-driven) community assembly in lake cyanobacteria. Our 137 previous work has shown that DNA-based reconstructions of cyanobacterial communities are 138 robust 16, 27 , therefore the observed patterns are unlikely to be driven by biases in 139 sedimentary DNA-based community reconstructions. On the contrary, it has been noted that 140 a strong effect of stochastic relative to deterministic processes is expected in the community 141 assembly of microalgae, particularly in highly productive (eutrophic) environments 2 . The 142 decay in phylogenetic similarity over time coupled with the lack of a geographic distance-143 decay relationship across lake communities (Fig. 3) suggest temporally dynamic 144 communities with no limitation to dispersal at the regional (peri-Alpine) scale. In a recent 145 study on genetic divergence among populations of a marine diatom, no significant 146 relationship was found between genetic and geographic distances at regional and global 147 scales 9 . Most reports about microbial dispersal so far did no show clear evidence for 148 geographic distance-decay patterns at the local (0 -100 km) and regional (101 -5,000 km) . The more 166 prevalent signal of overdispersion in the community phylogenies might support this 167 hypothesis of environmental selection for convergent traits. 168
Gradients of NO 3 --N and TP concentrations across lakes did not significantly explain 169 deviation from random assembly in the investigated cyanobacterial communities (Fig. 4) . It is 170 important to note that most of the lakes investigated here classify as meso-eutrophic to 171 eutrophic 30 (see average P and NO 3 --N concentrations reported by 16 ). Significant patterns of 172 phylogenetic dissimilarity might emerge across communities characterized by a broader 173 nutrient gradient, but this remains to be tested by surveys or experimentally. Rather, the 174 difference in physical conditions, such as temperature and strength of the water column8 in phylogenetic relatedness among lake cyanobacterial communities. The increasing trend in 177 air temperatures, which has accelerated since the 1980s across the peri-Alpine region, has 178 caused modifications in thermal characteristics of lakes, e.g., via changes in the duration and 179 strength of the water column stratification 16, 31 , which in turn affects recirculation and 180 availability of nutrients for phytoplankton growth 10, 22, 32 . 33 , and might select for specific traits such as, for example, buoyancy regulation. 186
In conclusion, this is the first study to our knowledge that explicitly tests for deterministic and 187 stochastic assembly patterns in cyanobacterial communities across regional scales and over 188 the Anthropocene. We successfully reconstructed the phylogenetic diversity in seventy-six 189 cyanobacterial communities over a period of ca. 100 years using DNA from sediment cores 190 collected in ten lakes. Our study shows that both stochastic (dispersal-driven) and 191 deterministic (environmental-driven) processes are important in assembling cyanobacterial 192 communities across lakes of the European peri-Alpine region. Cultural eutrophication and 193 climate change are the most notable environmental factors favouring cyanobacterial growth, 194 but the deterministic processes governing community assembly appeared in our study to be 195 more significantly driven by lake warming. Our results confirm previous evidence 16, 33 and 196 expand our understanding of cyanobacterial community assembly processes. Knowledge 197 about the relative importance of (potentially controllable) environmental drivers and (likely 198 uncontrollable) dispersal of organisms in shaping the structure of cyanobacterial 199 assemblages is important for the management of aquatic ecosystems whose services are 200 threatened by an increasing prevalence of potentially toxic taxa. . Based on the sediment age models, sediment 208 sub-samples were collected at various depths in cores from each lake to capture the 209 cyanobacterial community composition over the last ~100 years. DNA was extracted from 210 bulk sediments in a clean laboratory facility, and the DNA extract were used for PCR and 211 high-throughput sequencing of the cyanobacterial 16S rRNA gene (Table S1 ) on a MiSeq 212 Illumina platform as previously described 16, 27 . 213
The clean, primmer-trimmed sequences were clustered in operational taxonomic units 214 (OTUs) with a 97% threshold of sequence similarity in QIIME 34 using the UPARSE workflow 215
35
. PyNast 34 and the Greengenes microbial sequence database 36 were used for sequence 216 alignment, and FastTree 37 was used to estimate a phylogeny based on maximum-likelihood 217 containing all OTUs found in the lakes. OTUs were taxonomically assigned with a confidence 218 threshold of 85% and the ones assigned to phyla other than photosynthetic cyanobacteria 219 were removed from the dataset. Each sample was rarefied to 2,744 sequences 220 water column stratification) was derived from water temperature and hypsometry data 16, 38 . 225
Euclidean distances for each environmental variable were calculated among lakes to derive 226 environmental gradients used in the linear models in the R package 'vegan' version 2.4.4
39
. 227
Phylogenetic analyses 228
To derive the phylogenetic structure of each community, we quantified the mean pairwise 
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